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We argue that the three key phenomena recently observed in solid 4He—mass supertransport,
anomalous isochoric compressibility (syringe effect), and giant plasticity—are closely linked to each
other through the physics of an interconnected network of tilted quantum-rough dislocations. As im-
mediate implications of this connection several predictions follow: In the absence of 3He impurities,
the syringe effect and giant plasticity persist down to T = 0; the dynamical low-frequency syringe
and giant-plasticity responses are dispersionless; and similarly to giant plasticity but without direct
relationship to the supertransport along the dislocation cores, 3He impurities should suppress the
syringe effect partially or completely at appropriately low temperatures.
PACS numbers: 67.80.bd, 67.80.dj, 67.80.-s, 67.80.B-
While the field of supersolidity in 4He (for recent re-
views, see, e.g., [1–3]) is recovering from the “torsional-
oscillator crisis,” [4, 5] it is important to realize that phe-
nomena of disorder-induced supertransport [6–8], anoma-
lous isochoric compressibility (syringe effect) [8], and gi-
ant plasticity [9], discovered in the wake of the torsional-
oscillator work, are interconnected and are as interesting
and non-trivial as supersolidity of perfect solids struc-
tures [10]. Theoretically, it is well established (using
path-integral Monte Carlo simulations) that ideal 4He
crystals are insulating [11–14] and thus only long-lived
defects in the crystalline structure may be responsible
for the effects observed in Ref. [8]. The 4He crystal
thus emerges as a unique system demonstrating quantum
behavior associated with the topological lattice defects.
Here we observe that the experimental data strongly sug-
gest that the quantum physics of the dislocation net-
work in 4He is not limited to superfluidity of dislocation
cores [15–17]. The quantum-liquid state of dislocation
kinks and jogs is likely to play a crucial part in the sy-
ringe and the giant plasticity effects at arbitrarily low
temperature in the absence of 3He impurities. A low con-
centration of 3He impurities brings to the forefront the
fundamental but unsolved problem of the interaction be-
tween quantum-rough dislocations and impurities, which
is central to our understanding of the low-temperature
limit.
The superfluid network idea proposed by
Shevchenko [6] is strongly supported by numerical
evidence that screw and edge dislocations with the
Burgers vectors oriented along the c-axis [15, 17] pos-
sess superfluid cores. On the experimental side, a dc
supertransport in solid 4He has indeed been observed
in a series of experiments with the “UMass sandwich”
setup [8]. In addition, an intriguing phenomenon of
anomalous isochoric compressibility (syringe effect) has
been discovered and attributed to the climb of edge
dislocations assisted by supertransport along their cores
(the so-called superclimb) [17]. Very recently, the same
phenomena as in Ref. [8] have also been observed in the
“Alberta-ENS sandwich” setup [18], which is based on
an inverted syringe effect, that is, inducing a superflow
into or out of a solid by changing the external pressure
on the latter.
The superfluid fraction estimates based on the ob-
served dc mass flux (of the order of a few grams per
year!) [8, 19] put the superfluid fraction at the level of
10−10− 10−11 under the assumption that the critical ve-
locity is a few hundred m/s (as suggested by numerical
simulations of the screw dislocation [15]). Such a frac-
tion is orders of magnitude too small to be visible in
torsional oscillator (TO) experiments. The flow rate as
a function of chemical potential difference is reminiscent
of the conductance anomaly observed in 1D Luttinger-
liquid systems [19, 20]. Overall, the dc flow experiments
strongly support the picture of an interconnected net-
work of dislocations with superfluid cores albeit with an
unexplained temperature dependence of the flux. It is
fair to say that these effects have no analogs in any other
known material.
The giant plasticity effect has been observed in ultra
pure and nearly perfect 4He crystals Ref. [9]. The anal-
ysis of the solid 4He shear response (see Ref. [21]) is
typically conducted within the classical vibrating string
framework, where a dislocation is free to oscillate be-
2dislocations as well as by impurities. This framework has
been introduced originally in Ref. [22] to describe plas-
ticity at relatively high temperatures in commercial ma-
terials where dislocation motion is also strongly damped
by bulk phonons and implies a significant dissipation-
induced dispersion (dependence on the frequency of the
external drive). Incidentally, the absence of this classical
feature is often interpreted as key evidence for superso-
lidity in TO experiments [23].
As will be discussed below, the classical dynamics of
dislocations must completely freeze out at T = 0 due to
Peierls potential localizing kinks, so that, strictly speak-
ing, the approach [22] becomes inapplicable. However, in
the giant plasticity experiments the dislocations behave
as if there were no Peierls barrier for the kink motion,
raising fundamental questions about the role of quantum
effects in the dislocation dynamics. We argue that solid
4He is the only known substance where dislocations are
exhibiting quantum behavior at low temperature. The
quantum-liquid states of kinks and jogs lead to distinc-
tively different effects: While the former is responsible
for the giant plasticity in the absence of thermal activa-
tion and pinning centers, the latter is behind the syringe
effect under the same conditions.
The quantum liquids of kinks and jogs share some sim-
ilarities with each other and also with conventional 1D
superfluids. One common feature is the absence of dis-
sipation, leading to an independence in the TO linear
response on the frequency of the external force; i.e. the
liquid groundstate of kinks [24] provides an alternative
explanation to the claim of bulk supersolidity for the ex-
perimental results of Ref. [23].
There is also a significant difference between both liq-
uids: while the kink liquid does not need the core super-
fluidity for its existence, the quantum liquid of jogs can
only exist in the presence of the core supertransport.
Classical vs quantum kinks. In a finite-frequency setup,
the criterion for quantum behavior involves a typical time
required for a kink (jog) to tunnel through the periodic
potential provided by the host lattice: this time has to
be short compared to the experimental time scale. In
conventional materials the Peierls barrier is too high for
kinks and jogs to exhibit quantum motion. A classical
kink on a gliding dislocation is usually viewed as the
soliton solution of the sine-Gordon equation (see, e.g.,
Ref. [25]). It is a particle with finite energy Ek and ex-
tension λk determined by the strength of Peierls poten-
tial, up, and the string tension energy, κ, both defined
per unit length of the dislocation core. The kink mass
Mk is related to Ek by the relativistic formula, where the
role of speed of light is played by the speed of sound c.
Exact relations between Ek, λk, up, κ and the Burgers
vector b in the continuous limit λk ≫ b are
λk =
b
pi
√
κ
up
, Ek =
4b
pi
√
upκ , Mk =
Ek
c2
, (1)
In the continuous-medium approximation, the kink’s mo-
tion along the dislocation is ballistic. In a real crystal,
the discreteness of the host medium induces a periodic
potential of some strength u|| ∝ up along the dislocation
line with the period determined by the interatomic dis-
tance a so that at zero temperature a classical kink is
trapped by the potential minima. It can only be moved
by applying a finite external stress, which excludes the
linear response regime. At large enough finite temper-
ature, kinks move diffusively and their kinetics is con-
trolled by the over-the-barrier activation time, which is
exponentially long by the factor ∼ exp(u||/T )≫ 1. Ac-
cordingly, the linear response of a dislocation on external
stress can only be observed at very low frequencies.
The ratio λk/a controls the ratio u||/up. If λk/a ≫ 1
(that is, κ ≫ up), u||/up is exponentially suppressed by
the factor ∼ exp(−λk/a). In reality, however, both en-
ergy scales κ and up are of the same origin and, therefore,
are of the same magnitude κ ∼ up. Thus, λk ∼ a ∼ b
and u|| ∼ up, which also implies Ek ∼ up and Mk ∼ m,
where m is the atomic mass. We have ignored numerical
coefficients of the order of unity in these relations.
Tunneling motion in solids depends on two energy
scales: the interatomic interaction potential u and the en-
ergy of the atomic zero-point motion E0 ∼
√
uh¯2/ma2.
In classical materials, E0 ≪ u. Conversely, in quan-
tum crystals, E0 ∼ u. The semiclassical estimate for
the tunneling rate between the potential minima, τ−1 =
(E0/h)e
−S with S ≈ piN , where N stands for the num-
ber of the energy levels under the tunneling barrier. This
number scales as N ∼ u/E0 ∼
√
mua/h¯. As we dis-
cussed above, since kinks have sizes comparable to the
interatomic distances, one can approximate E0 ∼ h¯ωD,
where ωD is the Debye frequency, and u ∼ u||a ∼ upa.
If S > 50 (in most materials up is about a factor of 100
larger than E0) the tunneling time becomes infinite for
all practical purposes. This means that the kink’s mo-
tion is arrested by the potential u|| at low temperature
T ≪ ωD, unless there is an external bias driving the kink
over the barrier. In contrast, a kink characterized by
S ≤ 30 (2)
can tunnel through the barrier on the experimental time
scale texp shorter than a second. We shall call such a
kink quantum. In solid 4He, the two-body interaction at
a typical inter-particle separation a ≈ 3.5 A˚ is u ≈ 10K,
smaller than the Debye frequency, leading to the tunnel-
ing action S close to unity. This translates to tunneling
times below 0.1ns, that is, seven orders of magnitude
shorter than typical frequencies employed in helium ex-
periments.
Quantum glide. A dislocation totally confined to one
Peierls valley has no kinks at T = 0 and, therefore,
cannot significantly contribute to plasticity. Long-range
elastic forces between kinks through the bulk exclude the
3possibility of having a quantum roughening transition
[26]. At finite T , activated kink pairs lead to the disloca-
tion contribution to plasticity ∼ exp(−2Ek/T ). Gener-
ically, however, the dislocation forest consists of tilted
dislocations with multiple segments belonging to differ-
ent Peierls valleys. Thus even at T = 0 we have to deal
with the finite concentration of kinks. In classical mate-
rials this does not bring new physics as kinks remain im-
mobile on experimental time scales. In quantum crystals,
however, kinks can form a superfluid ground state [24] as
opposed to the insulating kink-crystal superlattice. This
outcome is reminiscent of superfluid states obtained by
doping Mott insulators with particles or holes. In other
words, a tilted dislocation can still behave as a free string
and exhibit linear response upon applying external bias.
We believe that it is this type of behavior that explains
the giant plasticity observed at T < 0.3K in solid 4He
[9].
Similarly, jogs on a tilted dislocation with superfluid
core may form a rough ground state ensuring that the sy-
ringe effect survives down to arbitrarily low temperature
in impurity-free crystals. These arguments supersede the
conclusion of Ref. [17], where it was assumed that each
dislocation lies in a single Peierls valley, and thus remains
smooth at T = 0. It is important to note that, while the
quantum liquid of kinks is essentially a Luttinger liquid
state (supporting sound propagation), the quantum liq-
uid of jogs features infinite compressibility and thus a
non-Luttinger-liquid, free-particle-like dispersion for col-
lective excitations [17].
Role of impurities. It is an experimental fact that both
the giant plasticity [9] and the dc supertransport phe-
nomena [18, 20] are dramatically affected by 3He impuri-
ties to the degree that both effects completely disappear
at sufficiently high 3He concentration and low tempera-
ture. A full theory of dislocation interaction with impu-
rities, which includes quantum and thermal fluctuations
of the dislocation, as well as the dynamics of impurities
and the interaction between different dislocations form-
ing the network, is yet to be developed. Meanwhile, it is
important to note that taking into account the quantum
nature of kinks while analyzing pinning and de-pinning
processes, has no classical-physics substitute. The role of
dislocation-shape fluctuations in pinning/de-pinning has
been demonstrated in Ref. [27]: At finite T they induce
a crossover from a purely elastic response at low T to the
giant plasticity regime at higher temperature. In con-
trast to the approach of Ref. [21], this crossover does not
require dissipation (which is an additional feature on its
own).
At the moment, the role of 3He in the syringe and su-
perflow effects is not adequately understood. The most
straightforward possibility for the superflow suppression
observed at low temperatue [20] is blocking of the dislo-
cation cores by the impurities (i.e., restricting the motion
of 4He atoms and jogs) [28]. This is flow suppression at
the microlevel. Dislocation pinning by impurities, works
also at the macrolevel. Specifically, in the absence of
impurities, a tilted superclimbing dislocation exhibits gi-
ant isochoric compressibility κisoch ∝ L2, where L is the
length of the free dislocation segment. Pinning by 3He
reduces L down to a much smaller length scale Lp de-
termined by the density of the pinning centers along the
core. This reduces compressibility and restores the Lut-
tinger liquid nature of superfluidity in the core of the edge
dislocation. Since the Luttinger parameter K scales as
∝ √κisoch ∝ Lp, it may fall below the critical value cor-
responding to the Mott insulating state which results in
the low-T suppression of the superflow. The true sce-
nario can only be decided by further experiments or ab
initio simulations.
Summary and Outlook. All recent experiments [8, 9,
18–20] can be interpreted in terms of a network of quan-
tum dislocations in 4He that involves dislocations gliding
and climbing in the basal planes. The quantum behavior
of dislocations is associated with two distinctively differ-
ent phenomena: the quantum-liquid state of kinks and
superfluidity along the dislocation cores with the possi-
bility of having the quantum-liquid state of jogs. The
first one is responsible for the giant plasticity, the sec-
ond one is behind the isochoric compressibility. In the
absence of impurities, these effects most likely occur to-
gether at zero temperature, but the relationship between
the two in superclimbing dislocations, as well as the tem-
perature dependence of the superflow flux observed in
Ref. [19], remains unexplained. [The standard theory of
quantum phase slips in 1D conductors predicts a power
law dependence T−a with a > 0 for the supercritical flow
rate [29] at low temperature].
At low enough temperatures 3He impurities condense
on dislocations and (i) pin them in space, and (ii) block
supertransport along the cores. Theoretical and experi-
mental studies of quantum dislocations, including a mi-
croscopic understanding of their interactions with impu-
rities, is likely to bring new fascinating results.
The exact nature of the weak dissipation at low tem-
perature observed in Ref. [9, 21], which is ostensibly
caused by the 3He impurities, is an open and important
question. To answer it, one has to take into account the
quantum nature of dislocations and consider 3He atoms
as impuritons moving in a very narrow band [30]. It
should also be mentioned that, so far, there is no data
on the dissipative effects in the syringe effect.
Compelling experimental confirmation of the proposed
deep connection between the three phenomena—giant
plasticity, superclimb, and supertransport—requires fur-
ther work. An important piece of evidence might be the
predicted persistence of the syringe effect down to arbi-
trarily low temperatures [31] limited by the 3He concen-
tration.
Comparing the T -dependencies of the shear modulus
and the syringe response could be very informative. Si-
4multaneous ac measurements of the shear and pressure
responses may turn out to be crucial in revealing the
relationship between the two. Such measurements can
naturally be conducted in the setup of Ref. [18]. Ac
measurements may also help establish whether the su-
percritical dc flow can be transformed into the ballistic
ac superflow with the threshold on the applied pressure
being proportional to the imposed frequency.
Although we have focused on quantum-rough disloca-
tions, a quantum-rough grain boundary is also a theoret-
ical option (particularly, a grain boundary that can be
viewed as an array of quantum-rough edge dislocations).
As found in the simulations [33], some grain boundaries
in solid 4He support 2D superfluidity. Thus, the mechan-
ical response of such a granular medium can be viewed as
a quantum analog of diffusive plasticity known as Coble
creep [34], where the high temperature diffusion along
the grain boundaries is replaced by superfluid transport.
Such a plastic behavior in response to superflow along
grain boundaries, which we term supershear, should per-
sist down to T = 0 and be dispersionless. A direct way to
verify this effect is through the inverse supershear effect,
that is, the superflow initiated by the shear deformation
of a sample.
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